an inward rectifying channel that is activated upon membrane hyperpolarization and an outward rectifying channel that is activated by depolarization of the membrane (Schroeder, 1988; Hedrich and Schroeder, 1989). Recent studies have begun to distinguish the components of signal transduction pathways that regulate various responses. Guard cells in particular have been used as a model system to study the regulation of K+ channels, and thus stomatal aperture, by 
PP1 is distinguished from other classes of phosphatases based on its specific inhibition by mammalian inhibitor-1 and -2 and its substrate specificity for phosphorylase kinase fi subunits over a subunits. OA is a potent inhibitor for both PP1 and PP2A (Cohen et al., 1990 ), but PP2A is more sensitive to OA than is PP1. As reviewed by Cohen (1989) , PP2A is typically inhibited by 0.5 to 2 nM OA, whereas PP1 is not affected at this concentration. Therefore, PP2A activity can be taken as the proportion of protein phosphatase activity inhibited by 1 nM OA, and PP1 activity as the activity resistant to 1 nM OA but inhibited by 60 to 500 nM OA. Another subtype of protein phosphatases, PPSB, is affected by OA only when the concentration of this inhibitor reaches the miaomolar range. CA is an equally potent inhibitor of PPl and PP2A (ICso = 0.1-2 nM) (Ishihara et al., 1989) . Therefore, CA is a more potent inhibitor for PPl than is OA (Ishihara et al., 1989) . PP2C requires Mf as a co-factor and is resistant to millimolar concentrations of OA and CA. The Ca*+/calmodulin-dependent PP2B is easily distinguished from other phosphatases because it is inhibited by EGTA (Cohen, 1989) and more specifically by immunophilin-ligand complexes (Schreiber, 1992) .
Severa1 lines of evidence indicate that plants possess protein phosphatases similar to those of animal systems. Immunophilin-ligand complexes (FKBP-FK506 and cyclophilincyclosporin A) as specific inhibitors for PP2B have been identified in mammals (Schreiber and Crabtree, 1992) . We have applied these PP2B inhibitors to guard cells and found evidence that a PP2B-like protein phosphatase serves as a mediator for Ca2+ action in the regulation of inward K+ channels (Luan et al., 1993) . PPI, PPZA, and PP2C have been identified in plant tissues by inhibitor studies and ion requirements (Polya and Haritou, 1988; MacKintosh and Cohen, 1989; MacKintosh et al., 1991) . Both SUC phosphate synthase and nitrate reductase are activated by OA-sensitive
Abbreviations: ATPTS, adenosine-5'-0-(3-thiotriphosphate); CA, half calyculin A; IKi, inward K+ current; IKo, outward K+ current; inhibition concentration; OA, okadaic acid; R, access resistance. Plant Physiol. Vol. 106, 1994 PP2A-like protein phosphatases in response to light signals MacKintosh, 1992) . Although to date there are no published reports of complete purification of either PPl or PP2A from higher plants, several homologs of PP1 have been cloned in Arabidopsis thaliana (Nitschke et al., 1992; Ferreira et al., 1993; Smith and Walker, 1993) , maize (Smith and Walker, 1993) , and Brassica napus (MacKintosh et al., 1990) . Isolation of cDNAs encoding homologs of PP2A have also been reported (MacKintosh et al., 1990; Arino et al., 1993 
MATERIALS AND METHODS

Plant Material and lsolation of Protoplasts of Guard Cells and Mesophyll Cells
Growth chamber-grown Vicia faba (long pod) plants received 10-h day (24OC) and 14-h dark (21OC) diumal cycles (160 pmol m-' s-' white light). Leaves of 80 to 90% full expansion were used for protein phosphatase assays and as sources of protoplasts for patch-clamp studies. Guard cell and mesophyll protoplasts were isolated by enzymatic digestion as previously described (Li and Assmann, 1993; Luan et al., 1993) .
Protein Extraction and Protein Phosphatase Assays
Leaves of 3-to 4-week-old Vicia faba plants were harvested and homogenized in cold extraction buffer containing 50 m Tris-HC1 (pH 7.5), 2 mM EDTA, 0.25 M SUC, 5 m~ P-mercaptoethanol, 0.5 m PMSF, and 5 pg mL-' leupeptin. After passage through four layers of Miracloth (Calbiochem), the homogenate was centrifuged for 15 min at 70,OOOg at 4OC. Protein concentration of the supematant was determined with Bradford reagents from Bio-Rad. The supematant was used in the phosphatase assay after its protein concentration was adjusted to 2.5 pg pL-'. The substrate for protein phosphatases was glycogen phosphorylase labeled by phosphorylase kinase (both from Sigma) according to the method of Cohen and colleagues (1988) . Phosphatase assays were performed as described by Cohen et al. (1988) with modifications. Briefly, reaction mixtures of 30 pL contained 10 pL of protein extract, 10 pL of buffer (50 II~M Tris, pH 7.5) with or without inhibitors, and 10 pL of labeled substrate (final concentration 1 p~) .
The protein extract was first mixed with inhibitors or with 10% DMSO and preincubated on ice for 15 min before the reaction was initiated by adding labeled substrate. The reaction mixtures were then incubated at 3OoC for 15 min and then stopped by adding 100 pL of 20% TCA.
After TCA precipitation, the free 32P released to the supernatant was measured by scintillation counting. Each experiment was repeated at least three times. Representative results are shown; a11 replicates exhibited the same reliative effects of the compounds involved. Control levels of phosphatase activity varied slightly ( 4 0 % ) between replicates.
Whole-Cell Patch-Clamp Recordings
Whole-cell patch clamping was performed as described by Li and Assmann (1993) . Because of potential irariability in plants and protoplast preparations, control and experimental cells for a given treatment were always drawn from the same batch of protoplasts and measured within a fcw hours of each other. Protein phosphatase inhibitors were tested on several different batches of protoplasts, and control measurements were always made in parallel. An Axopatch-1B (Axon Instruments, Foster City, CA) amplifier connected to an Indec 11-73 microcomputer (Indec Inc., Sunnyvale, CA) was used to voltage clamp protoplasts and to record whole-cell currents. For current versus time measurements, th e membrane potential was held at -47 mV (calculated equilibrium potentia1 for K+ after correcting for ionic activities) and then stepped to voltages from -175 to +85 mV for 2 s with a 20-mV increment in each voltage step. All voltages reported have been corrected for liquid junction potentials. Membrane potential was held at -47 mV for 6 s between each voltage step. Data were collected after both seal resistaiice and voltage-activated current magnitude had been stable for 5 to 10 min (10-20 min after reaching the whole-cell configuration) or othenvise as indicated in the text. Steady-state current as a function of membrane potential was measurecl as the mean value over a time period of 40 ms, beginning 1.7 s after initiation of the 2-s test pulse. Instantaneous 01' leak current is the current "leaking" through the membrane-pipette seal and/or through channels instantaneously ac tivated by a change in membrane potential. Mean leak currents were measured over a 3-ms period, 9 to 12 ms after application of the voltage step. Time-activated current, reported here, is the current remaining after subtraction of the leak current from the steady-state current and represents the activity of voltageactivated K+ currents.
Because protoplasts vary in surface area, it is preferable not to compare absolute current magnitudes tut, rather, to normalize current by some measure of plasma membrane area. Whole-cell capacitance is proportional i o membrane area (Pusch and Neher, 1988) , with a value lof 1 pF cm-' consistently reported for biological systems. 'I'herefore, we corrected for variations in cell surface area by clividing timeactivated current by whole-cell capacitance. Vihole-cell capacitance was quantified by using a compensation device on the patch-clamp amplifier to measure capaataiice transients evoked by a 20-mV X 20-ms voltage pulse. The validity of this method of capacitance measurement was addressed by Bookman et al. (1991) . Provided that the cellj are without long outgrowths and that the voltage pulse does not activate channel activity, two conditions that are saiisfied in our system, this method is accurate within the picol'arad range of resolution required (Bookman et al., 1991) .
Solutions for Whole-Cell Patch-Clamp Experiinents
Before use in the patch-clamp experimen:s, guard cell protoplasts were kept in a medium consisting of 0.45 M D-sorbitol, 0.5 mM CaCI2, 0.5 mM MgC12, 0.5 mM ascorbate, 10 PM KH2P04, and 5 mM Mes, adjusted to pH 5.5 with KOH, and mesophyll protoplasts were incubated in a solution containing 0.63 M mannitol plus 1 mM CaCI2. Protoplasts were incubated on ice in the dark for at least 1 h. Guard cell protoplasts were then transferred to a bath solution containing 10 mM K+-glutamate, 1 mM CaC12, 4 mM MgCI2, and 10 mM Hepes, adjusted to pH 7.2 with KOH (total concentration of K+ was 13.1 mM) and osmolality adjusted to 450 mmol kg-' with D-sorbitol. Electrical recordings were camed out using Kimax-51 glass capillaries filled with a solution made to 500 mmol kg-' osmolality with D-sorbitol and containing 98 mM K+-glutamate, 2 m M EGTA, 2 mM MgC12, 2 m~ KCl, 10 mM Hepes, and 2 mM MgATP, adjusted to pH 7.2 with KOH (total concentration of K+ was 103.2 mM). The same solution compositions were used for patch-clamp experiments on mesophyll protoplasts except that osmolalities were adjusted to 630 mmol kg-' for bath solution and to 700 mmol kg-' for pipette solution with D-mannitol.
Chemicals
For protein phosphatase activity assays, OA (LC Laboratories, Campbell, CA) was first dissolved in DMSO and then diluted at least 1000-fold to achieve the final concentrations indicated in Figure 1A . CA (LC Laboratories) was dissolved in methanol and diluted at least 2000-fold to the final concentration indicated in Figure 1B . In patch-clamp experiments, OA was dissolved daily in 10% DMSO to produce a 200 PM stock. In the cell medium or pipette solution, the final DMSO concentration was no greater than 0.01%. The K+ current was not affected by 0.1% DMSO under the same experimental conditions as for inhibitor studies (data not shown). CA was dissolved in methanol with a final methanol concentration of 0.025%. ATPyS (Calbiochem, La Jolla, CA) was added daily to the pipette solution to 500 PM final concentra tion.
RESULTS
Protein Phosphatase 1 and 2A Activities from V. faba Leaves Are lnhibited by OA and CA Using glycogen phosphorylase as substrate, we measured protein phosphatase activity of protein extract from leaf tissues. As shown in Figure lA , the phosphatase activity was inhibited by nanomolar concentrations of OA. At 1 to 10 nM, OA reduced phosphatase activity by 25%. Increasing the OA concentration to 20 nM inhibited phosphatase activity a little more (32% inhibition). However, 200 nM OA almost completely eliminated (90% inhibition) protein phosphatase activity. This dosage dependency indicates that the protein extract may have two phosphatase activities with different sensitivities to OA. In B. napus seeds, MacKintosh and Cohen (1989) showed that, as for animal enzymes, PP2A is more sensitive to OA (ICso = 0.1 nM) and PPl is less sensitive to OA (ICs0 = 20 nM). Under our experimental conditions, inhibition of phosphatase activity was observed with an OA concentration of 1 nM or higher. Of the total protein phosphatase activity observed, 65% of the activity was resistant to 10 nM OA but inhibited by 100 nM OA, suggesting that PP1 is more abundant than PP2A in V. faba leaf tissue. Assays on purified enzyme preparations will be needed to further address this issue.
We also used another phosphatase inhibitor, CA, in our protein phosphatase assays. As shown in Figure 18 , 20% inhibition of protein phosphatase activity was observed with 5 nM CA. In the presence of 50 nM CA, phosphatase activity was almost eliminated. Compared to the inhibition of animal enzyme activities by CA (Ishihara et al., 1989) , the ICs0 of CA is higher for enzymes in V. fuba leaf extract.
The IKi of Cuard Cells 1s lnhibited by Protein Phosphatase lnhibitors
Isolated guard cell protoplasts were incubated in the bath solution described in "Materíals and Methods." Upon hyperpolarization, a voltage-dependent IKi was activated in cells loaded with control pipette solution (Fig. 28) . This current was inhibited by intracellular application of CA, an inhibitor equally potent against PPl and PPZA. As shown in Figure   2A , inhibition of IKi by CA was a time-dependent process.
Within the first 5 min of intracellular application of CA, magnitudes of IKi at a11 voltages tested were consistent and were close to the mean values in control solutions (Fig. 2B and data not shown). In a total test period of 1 h, the voltagedependent K+ current was relatively constant in the absence of CA (Fig. 28, control) . However, 15 min after establishment of the whole-cell configuration, IKi at -175 mV was reduced to 40% of the control level by 5 nM CA, and by 25 min the IKi had declined to 3% of its original value ( Fig. 2A) . Figure  28 depicts time courses of inhibition of the guard cell inward current at -175 mV by 0.1 versus 5 nM CA. Although 0.1 nM CA also inhibited I&, it was less effective than 5 nM CA and required a longer exposure time for its effect (Fig. 2B) . Figure  2C depicts the average current-voltage relationship recorded 10 to 20 min after intracellular application of 0.1 or 5 nM CA to guard cells. In a11 CA treatments, the IKo was not affected (Fig. 2C) .
When 200 nM OA was applied to the bath solution, the magnitude of average voltage-dependent IKi was approximately 35% of the control level at -175 mV (Table I ). The inward current started to decrease between 30 and 90 min after the addition of the inhibitor into the bath medium. As a potent inhibitor for PPl and PP2A, OA antagonizes phosphatase activities from inside the cell. The inhibitory effect of extracellularly applied OA was presumably due to uptake or permeation of OA into the protoplasts. To overcome the membrane barrier and gain a better idea about the effective concentration of OA, we perfused OA to the interior of the cell via the patch pipette. With 200 nM OA in the cell, IKi was reduced more quickly and more dramatically than with OA in the bath solution. The inhibitory effect of OA on the IKi was observed within 5 to 20 min. As shown in Figure 3 , 10 nM OA applied intracellularly also significantly reduced the magnitude of IKi within 20 min after whole-cell formation. In a11 cells tested, the outward current was not significantly affected by either concentration of OA. OA and CA show similar dosage-dependent effects in that higher concentrations of inhibitor had stronger effects on IKi (Figs. 2 and 3) . - (14) No (14) + ( - (3) No (3) ND 10 nM
- (12) No (12) + ( 8 )
nM
- (12) No (12) + (10) 500 LLM Nob Nob
Refer to Fairlev-Grenot and Assmann (1991).
The IK0 in Mesophyll Cells 1s Enhanced by Protein Phosphatase lnhibitors and Stimulated by the Phosphatase Antagonist ATPrS
Under the same experimental conditions that allow detection of both inward and outward currents in guard cells, mesophyll cells exhibit a depolarization-activated outward current but no hyperpolarization-activated inward current (Li and Assmann, 1993) . By whole-cell patch-clamp recordings, as shown in Figures 4 and 5A , we found that the magnitude of the ZKo was significantly stimulated by 5 nM CA perfused into the cell interior. At +85 mV, whole-cell Z K~S of representative cells were 1219 pA in the presence of 5 nM CA and 633 pA in the absence of CA (Fig. 4) . Application of 0.1 nM CA to the cell did not significantly stimulate I K o (Table I) . Increasing the concentration of CA to 50 nM did not increase enhancement over that observed with 5 nM CA (Fig. 5A) . As depicted in Figure 5 , OA also increased the magnitude of ZKo.
When 10 nM OA was introduced to the cell, ZKo was enhanced to a magnitude similar to that achieved in the presence of 5 nM CA. When 200 nM OA was applied to the cell, ZKo was enhanced to a lesser extent (Fig. 5B) . In both OA and CA experiments, no IKi was observed when mesophyll cells were hyperpolarized to voltages as negative as -175 mV (Figs. 4  and 5, A and B) .
We also studied by whole-cell recording the effect of ATPyS on the 1~~ in mesophyll cells. This ATP analog can be used by protein kinases to phosphorylate proteins, but the dephosphorylation of the resultant phosphoproteins by protein phosphatases is greatly inhibited (Gratecos and Fisher, 1974) . Therefore, ATPyS acts as a phosphatase inhibitor or antagonist. As shown in Figure 5C , when 500 PM ATPyS was applied to the cell, the magnitude of IKo increased. Consistent with the effects of OA and CA, our present results with ATPyS again suggest that phosphatases are involved in the regulation of mesophyll cell K+ channels.
DISCUSSION
For protein phosphorylation to function as a reversible signaling system, complementary enzymes are required to dephosphorylate target proteins (Ingebritsen and Cohen, 1983) . Although dephosphorylation is a common mechanism for the regulation of animal ion channels (Levitan, 1985) , little information is available conceming the role of dephosphorylation in plant ion channel regulation. In the present study, we used biochemical approaches to demonstrate PPl and PP2A activities in V. faba leaves and electrophysiological techniques to obtain evidence for PPl andlor PP2A regulation of K+ channels in two developmentally distinct types of leaf cells, mesophyll cells and guard cells. 
B
PP2A may be less abundant or less active in V. faba leaves than PPl because a smaller percentage of total phosphatase activity was inhibited by 1 to 20 nM OA than b!r 100 to 500 nM OA (Fig. 1) . In our biochemical assays, higher concentrations of OA were required to inhibit PPl and/or PP2A compared to results obtained by MacKintosh and Cohen (1989) in €3. napus seeds. This difference may result from comparison of plant extracts from different species or from tissues (leaves versus seed) that may have different isoforms of PP1 and PP2A. The difference could also be due to variations in the purity of substrate and inhibitors obtained from different sources.
In guard cells, OA and CA reduce I&. In partid agreement with our data, a preliminary report showed OA inhibition of both IKI and IKo in guard cells (Thiel and Blatt, 1992) . One cannot distinguish between PP1 and PP2A solely on the basis of their relative sensitivities to OA and CA. However, the observation that an increase in OA concentration from 10 to 200 nM further reduces IKi suggests that both PT'l and PP2A activate this current in guard cells. Our preJious results illustrate inactivation of these inward K+ chanriels by PP2B (Luan et al., 1993) . Taken together with the pr12sent results, these data imply the presence of more than orie regulatory phosphorylation site on the channel or the presence of multiple regulatory pathways that include dephclsphorylation steps.
In mesophyll cells, specific PP1 and PP2A inhibitors enhance IKo (Figs. 3-5 ). This effect is consistent with the enhancement of these currents by protein kinasc? A-like protein(s) (Li et al., 1994) . When CA or OA concmtrations are increased beyond 5 or 10 nM, respectively, IKo 1s not further increased, suggesting that PP2A may play the predominant role in the inactivation of outward K+ channels in mesophyll cells. In mesophyll cells, the G-protein activator guanosine-5'-0-(3-thiotriphosphate) and elevated cytosolic Ca2+ concentration both inhibit IKo (Li and Assmann, 1993) , raising the possibility that these signaling molecules are components of the pathway through which PPl and/or PP2A inactivate these channels. The present study shows that protein phosphatase inhibitors and the phosphatase antagonist ATPyS have different effects on guard cell and mesophyll cell K+ currents (Table  I ). Under our experimental conditions, ATPyS affects voltagedependent current in mesophyll cells (Fig. 5C) but not guard cells (Fairley-Grenot and Assmann, 1991) . Further research will be required to reveal how ATPyS affects dephosphorylation processes in these cells. We have previously demonstrated that voltage-dependent K+ channels in mesophyll cells and guard cells also differ in the conditions required for activation (Li and Assmann, 1993) and in the effects of Gprotein regulators on current magnitude (Fairley-Grenot and Assmann, 1991; Li and Assmann, 1993) .
Research presented here indicates that PPl and/or PP2A regulate plant K+ channels and that the effects of phosphatase activity on ion channel behavior differ with plant cell type. Speculation concerning the physiological implications of this cellular specificity may draw on recent studies conceming the involvement of phosphatases in the control of assimilatory processes. CO, enters leaves through stomatal pores when light activates H+ pump activity and thus drives K+ uptake into guard cells (Assmann et al., 1985; Assmann, 1993) . Influx of K+ through inward K+ channels would be enhanced by PP1 and/or PP2A activation of those channels. Thus, guard cells would swell and open the stomatal pore, allowing COZ entry. C 0 2 is assimilated into carbon compounds, including SUC, in the mesophyll cells. SUC synthesis in mesophyll cells is activated by light via a pathway that includes PP2A activation of Suc-phosphate synthase . Activation of mesophyll PP1 and/or PP2A may simultaneously reduce K+ efflux through outward K+ channels, which can be activated at physiological membrane potentials (Li and Assmann, 1993) . A consequent increase in cytosolic K+ concentration would stimulate carbon reduction in the mesophyll chloroplast (Werdam et al., 1975; Kaiser et al., 1980; Wu and Berkowitz, 1992) . Light also activates nitrate reductase, a key enzyme in nitrogen assimilation, via a pathway that involves PP2A . Since K+ is essential for the activity of nitrate reductase (Bhandal and Malik, 1988) , a PP2A-and/or PP1-stimulated increase in mesophyll K+ concentration may help to maintain nitrate reductase activity and thus contribute to coordinate assimilation of carbon and nitrogen. This model of the integrated regulation of intracellular K+ concentration and assimilatory processes is currently hypothetical but may be tested in future experimentation. 
